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ABSTRACT

This report summarizes a program for the development and delivery to

Goddard Space Flight Center" of a0.5 Ibf monopropellant hydrazine thruster system

intended for use as a laboratory test model. Covered in this report are design and

testing of a developmental hydrazine reactor; design, prequal ification, testTng,

and acceptance testing of the complete hydrazine propulsion system including a

propellant_tank/"bellows assembly, prol_ellant valves, lines, Filter, and hydrazine

reactor.

The hydrazine reactor utilizes Shell 405 spontaneous catalyst for the decom-

position of anhydrous hydrazine. The hydrazine reactor is used with a blowdown-

pressure feed system providing nominal vacuum total impulse of 350 Ibf-sec. Areas

of interest in the development of the hydrazine reactor were injection methods,

chamber geometry, and catalyst bed packing techniques. During the program

approximately 100 tests were conducted in which major effort was placed on in-

jector optimization.

This report is divided into two phases; design and testing. These phases in-

cluded effort on both the developmental reactor and the end item hardware delivered

to Goddard Space Flight Center ....
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1.0 INTRODUCTION

This report summarizes eight (8) months of work performed for Goddard Space

Flight Center on Contract NAS 5-9137 to develop, test, and deliver a 0.5 Ibf

thrust monopropellant hydrazine reaction control system. This report consists of a

description of the system and its functional specifications and a summary of the

design and testing of the system.

The program included design, development, and testing of a prototype

reactor which led to the design and manufacture of the end item hardware.

-1-
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2.0 SYSTEM DESCRIPTION

The propulsion system is basically a pressure-fed monopropellant hydrazine

system which operates in the blowdown mode. The engine thrust level varies from

0.5 Ibf at the beginning of the mission to 0.33 lbf at the end of the mission. The

system consists of two (2) thrust chambers employlng the Shell 405 catalyst, two (2)

propellant tank/bellows assemblies, two (2) coaxial propellant solenoid valves,

four (4) propellant tank isolation valves, two (2) propellant fill valves, two (2)

nitrogen pressurization valves, two (2) filter assemblies, a pressure equalization

line between the two propellant tank assemblies, and two (2) flexible propellant

feed lines from the propellant tank to reactor assemblies. A schematic of the sub-

ject system is presented in Figure 1.

The system was designed and qualified to operate under continuous or pulse

mode operating conditions based upon the tank/bellows assembly expelling a maxi-

mum of 0.75 pounds of propellant in a blowdown configuration with an initial pro-

pellant mass flow rate of approximately 0.0022 pounds per second. Pulse mode

operation is accomplished at duty cycles of 20% to 100% with pulse widths ranging

from 300 milliseconds to 300 seconds over the full blowdown feed pressure range.

Thrust chamber catalyst life of 1,500 seconds accumulated burn time was demon-

strated during the course of reactor design prequallfication.

2.1 Sxstem Capabilities

The system capabil ities are as Follows:

a. Demonstrated operating characteristics as shown in Table I.

b. Capable of being fueled and pressurized as a complete assembly.

c. Man-rated in the fueled and pressurized condition up to 125°F.

2.2 Phxsical Description

The operating characteristics of the system are summarized in Table II.

The system consists of two primary units: the tank/bellows assembly and the

reactor assembly which decomposes the monopropellant and produces the de-

sired thrust. The system delivered to Goddard Space Flight Center consisted

-3-
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TABLEI

DEMONSTRATED CAPABI LITI ES

Duty Cycle

Pulse Widths

Response (to 90% of nominal chamber
pressure) hot bed

Tail-off (to 10% of nominal chamber pressure)

Characteristic velocity, c* (nominal)

Vacuum SpeciFic Impulse ( C = 50)

20- 100%

300 milliseconds -
300 seconds

33 milliseconds

65 milliseconds

4, 135 ft/sec

225 Ibf-sec/Ibm

-5-
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TABLEI!

SYSTEMOPERATING CHARACTERISTICS

PropellantTank Pressure,Initial

Propellant Tank Pressure, Final

Reactor Chamber Pressure, Initial

Reactor Chamber Pressure, Final

Nozzle Throat Area, A t

Nozzle Area Ratio, E"

Nozzle Vacuum Thrust CoeFficient, CFvac

Vacuum Thrust, Initial

Vacuum Thrust, Final

262 psia

150 psia

150 psia

100 psia

2
0.00188 in

5O

1.768

0.5 Ibf

0.33 Ibf

-6-
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of two (2) completemonopropellanthydrazine propulsionsystemsshownin

Figure 2. Thepropellant tank/bellows assembliesof the two (2) systems

were pressureinterconnectedfor simultaneousblowdownof propellant
during operation of the system.
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3.0 DESIGN

3.1 Developmental Reactor

The developmental monopropellant hydrazine reactor was designed for

0.5 lbf thrust at altitude with a nozzle area expansion ratio of 50:1 and pro-

duced approximately 0.336 pounds of thrust at sea level with a nozzle area

expansion ratio of 4:1. The following parametric values were used in the

preliminary design evaluation:

F (initial vacuum thrust) = 0.5 Ibf
vac

I = 220 Ibf/Ibm/sec
SPvac

L* (characteristic chamber length) = 120 inches (empty reactor)

C(- nozzle exit area ) = 50:1
nozzle throat area

P (initial chamber pressure)c initial = 150 psia

P (final chamber pressure) = 100 psiac final

G ( initial propellant mass flow rate ) = 0.01 Ibm/sec-in 2
chamber cross sectional area

The following analysis was used in the design of the developmental

reactor:

a. Flow Rate

I = 220 I bf/Ibm/sec
SPvac

V_/°

I

F
vac

I
SPva c

0.5 Ibf

220 I bf/I bm/sec
= 0.00227 Ibm/sec

-9-
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.,_.),' ". ,

v:,. K P.
i _ I Cl

wf K1 Pcf

- 1.5

•" r.)

b •

0.00227 Ibm/sec
1.5

Catalyst Bed Area

Assuming an initial bed loading of .01 Ibm/sec-in 2

,- , " ;,. -

Then

Winltial 0.00227 lbm/sec
A b =

Ginltia I 0.01 Ibm/sec-in 2

- 0.227 in 2

and

Db = diameter of bed = 0.538 inches

c. Thrust Coefficient

CF(vac) = XCdCF(opt) + Pe,/Pc_'

Where:

CF(vac)

CF(opt)

• .... : j_

C d

= vacuum thrust coefficient

= optimum thrust coefficient For P = P
e o

= c6rrecfion factor for nozzle angle divergence

= discharge coefficient

Pe = nozzle exit pressure

P = chamber pressurec

_' =..nozzle expansion area ratio = 50:1

Thrust coefficient'and ai'ea ratio tables, H. S. Seifert and J. Crum

were used in the following calculations:

-i0-
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CF(vac) (no losses)=

PiPe¢ = 0.056 

I. 82096 _

CF(opt) = 1.82096- 0.05664 = 1.76432

CF(vac) = ,_C d CF(opt) + Pe/'Pc _

d. Throat Diameter

= (0.970) (I .76432) + (0.05664) = 1.768

e .

F(vac) = Pc At CF(vac)

Therefore

and

A t =
F(vac) = 0.5 lbf

Pc CF(vac) (150 Ibf/in 2) (1.768)

D t (throat diameter)

Chamber Length

= 0.0489 inches

L* = characteristic chamber length = 120 inches

V = chamber volume
c

A t = nozzle throat area =

L = chamber length
c

A b = cross sectional area of bed

2
.00188 in

L* = Vc/A t

2
= 0.00188 in

-11-
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f.

g ,

Therefore:

V
C

= L*A t = (120 in) (.001881n 2) = .226in 3

3

Lc = Vc/A b _ .226 in - 1.0 inches
.227 in 2

Nozzle Exit Area

E" = exit area = 50:1
' :" ' throat area

2
K D

E" - 1 e

K1 Dt 2 ;De

= exit diameter = .345 in.

Propellant Tank Pressure

P . = initial chamber pressure -- 150 psi
Cl

Pcf = final chamber pressure = 100 psia

p = KlgC

Where:

K1 = constant = c*/A t g'

: g = gravitational constant

Letting AP T = tank pressure- chamber pressure = K2g2/p

Where:

= constant

= propellant density = constant

Therefore:

.2
APTI w i

w

&PTf _f2

- (1.5) 2 = 2.25

-12-
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If:

Then:

And:

'PTf = 50 psid

PTi = (2.25 (50) = 112.5 psid

PTi = 150 + 112.5 = 262.5psia

PTf = 100 + 50 = 150psia

Initial design of this developmental reactor incorporated a 0.010 inch

I.D. capillary tube for injection of the hydrazine propellant into 20 to 30

mesh Shell 405 spontaneous catalyst. The chamber was instrumented with

two thermocouples and a pressure transducer to measure downstream stagnation

chamber pressure. The thermocouples were of the immersion type and extended

into the catalyst bed. They were located approximately at the top of the bed

and the center of the bed. Figure 3 shows the developmental reactor and

valve.

Manufacture of the development reactor consisted mainly of fabrication

of a chamber/'nozzle assembly, an injector head, screen support, screens, an

injector, and valve boss. Figure 4 shows an exploded view of the reactor,

propellant on-off valve, and mounting bracket. The capillary tube was

brazed into the valve boss and was connected to the injector plate by means

of a conax fitting which allowed the depth of the capillary tube into the

chamber to be varied.

During testing of the developmental reactor several modifications were

made to the inject;on system. One modification was to incorporate an

electrolytic perforated plate in the injector design. The injector plate was

recessed and undercut to accept a plate .200 inches in diameter, and with

various thicknesses, hole diameters, and percent open area.

[0[.£[ - 13-
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0.5 IBF THRUST DEVELOPMFNT RI:ACTOR

FIGURE 3 -1_4- 12101
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Theperforatedplate wasplaced in the undercutand the face material
wasrolled over to seal and hold the plate. Thefinal injector configuration

usedon the developmentalprogramconsistedof an injector plate with the

capillary tubeand an orifice plate with a manifold .050 inchesin dlameter

by .010 inchesdeepand Five(5) orifices .005 - .006 inchesin diameter.
An asbestostype gasketwasusedto seal the orifice plate on the combustion

chamberside and an "O"-ring wasusedon the propellant side.

3.2 End Item Hardware

3.2.1 Overall System

The propulsion system delivered to Goddard Space Flight

Center is a laboratory test system sized to meet typical low thrust

attitude control requirements. This system consists of two (2) com-

plete primary monopropellant hydrazine thruster systems with inter-

connecting propellant tanks to permit simultaneous propellant blow

down. The complete delivered system includes the following items:

Positive expulsion tank,/bellows assemblies, (2).

Propellant fill valves, (2).

a ,

b.

c. Propellant

d. Propellant

e. Propellant

f. Propellant

g. Propellant

h. Hydraz;ne

pressurization valves, (2).

tank isolation valves, (4).

feed lines, (2).

filters, (2).

on,/off valves, (2).

reactor assemblies, (2).

3.2.1.1 Performance Characteristics

Vacuum thrust (initial), Ibf

Vacuum thrust (final), ibf

Chamber Pressure (initial), psia

0.50

0.33

150

-16-
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3.2.2

Chamberpressure(final), psia 100
Vacuumthrustcoefficient 1.768

Vacuumspecific impulse,
Ibf-sec/I bm 225

Propellantflow rate (initial), Ibm/sec 0.0022

Propellantflow rate (final), Ibm/sec 0.0018

3.2.1.2 System Weights

Combustion chamber and nozzle
(I), Ibm 0.03

Injector (1), Ibm 0.10

Catalyst, Ibm 0.01

Propellant line (1), Ibm 0.15

Fill valve (1), Ibm 0.10

Pressurization valve (1), Ibm 0.10

Manual valves (2), Ibm 0.54

Fittings (5), Ibm 0.43

Relief valve (1), Ibm 0.16

Filter (1), Ibm 0.24

Propellant Valve (1), Ibm 0.16

Tank/bel lows assembly (1), Ibm 5.65

= 7.67Total Primary System Weight {1), Ibm

System Components

3.2.2.1 Propellant Tank Bellows Assembly

The propellant tank bellows assembly is a positive

expulsion device consisting of a tank and a bellows both con-

structed of 347 stainless steel and manufactured by the Metal

Bellows Corporation, Los Angeles, California. This tank is

designed to hold and expel approximately .75 pounds of pro-

pellant in a blowdown mode with an initial tank pressure of

265 psla and a final tank pressure of 150 psla. Figure 5

-17-
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depicts the propellant tank assembly and summarizes the

tank specifications.

3.2.2.2 Propellant Valve

The propellant valves employ a teflon soft seat

and are a model AF 77C-B41 coaxial solenoid operated valve

manufactured by the Eckel Valve Company. The source

control drawTng For the propellant valve presented in Figure 6

summarizes the valve spec_ficatlons.

3.2.2.3 Propellant Filter

The filter used in this system is a pleated disc type

filter with a nominal filtration rating of 10 microns and an

absolute rating of 25 microns manufactured by Aerospace

Components Corporation.

3.2.2.4 Fill and PressurlzatlonValves

The gas pressurization and the hydrazine fill

valves are a standard MS 28889 valve.

3.2.2.5 Manual Shutoff Valves

The manual shutoff valves are a 1/4 inch needle

valve manufactured by the Dragon Engineering Company.

This model 3000 valve utilizes a teflon seat and has an

orifice of 0.170 inches.

3.2.3 Hydrazine Reactor

Data obtained From a testing program designed to optimize

the developmental reactor produced the reactor design depicted in

Figure 7. This hydrazlne reactor consists of two main parts, the in-

jector assembly and the chamber/nozzle assembly.

The injector assembly consists of a valve boss, capillary tube,

chamber adapter, orifice plate, and three structural thermal spacers.

- 21 -
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The capillary tube is an inconel 600 tube 0.026" x 0.007" wall which

contains a half helix and is brazed to the valve boss and chamber

adapter. The chamber adapter and valve boss are connected by the

three structural stainless steel spacers which also serve as valve

thermal stand-offs. The capillary tube feeds an orifice plate that con-

tains a manifold 0.050 inches in diameter by 0.010 inches deep with

five orifices 0.006 inches in diameter. This injector configuration

minimizes heat conduction from the decomposition chamber to the

valve boss valve seat area while permitting differential thermal

expansion between the capillary feed tube and the thermal stand-offs

(3).

The chamber/nozzle assembly is machined from Haynes

Alloy No. 25 with a nominal wall thickness of 0.020 inches. Haynes

Alloy No. 25 was used because of its high strength at temperature and

resistance to nltrlding. The nozzle section has an included angle of

convergence of 120 ° and a half angle of divergence of 15 ° with an

expansion area ratio of 50:1. Figure 8 shows the reactor.

3.2.3.1 Design Characteristics

Throat dla_neter, D t, inches 0.049

Throat area, A t , square inches 0.00188

Contraction 1/2 angle, degrees 60

Expansion area ratio, Ap/A t 50:1

" Exit diameter, D e, inches 0.348

Expansion 1/2 angle, degrees 15

Characteristic length (empty), L* in. 120

Chamber diameter, Dc, inches 0.538

Cool ing technique Radiation

- 26 -
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4.0 TESTING

4.1 Developmental Reactor

Initial _njection system evaluation consisted of three _3) methods of

injecting and distributing the propellant ;nto the catalyst bed. These three

(3) methods consisted of a capillary tube with woven w_re mesh screens,

slntered woven wire sheet, and electrolytic perforated plate. Figures 9,

10, and 11 depict the test setup for the developmental reactor tests.

Figure 9 shows the reactor and valve on the mounting bracket. Figure 10

shows the propellant tank and pressurizat;on feed system. F_gure 11 shows _:'_

the reactor, mounting bracket, and _nsfrume_tat on prior to test. The first

series of tests was conducted using a capillary tube and 200 mesh and 60

mesh woven wire cloth manufactured by Newark Wire Cloth Company, and

located immedlately downstream of the n'ect;onl.... or;rice Test results _°b-_'_b_;_

talned with this configuration Indicated that thrs conflgurahon was subje_:t"

to roughness in chamber pressure /i.eo, unstable flame front) and nonrepeat-

ability of performance. Visual observation of the screens after test showed

that the dynamic pressure of the propellant stream had parted the screen mesh

and hydrazine was being injected d_rectly into the catalyst bed without any

stream breakup. Post-test observat;on of the catalyst bed _ndicated that

without mechanical breakup and proper d_str;bution of the injectant, local

packing and coring of the catalyst bed occurs. Once a void _s realized, it

is d_fficult to establish a stable flame f'ront wh;ch results in fluctuating

chamber pressure. A typical oscillograph trace of chamber pressure and

valve current for this injector conf;gurat.on under warm bed conditions

showed an _gnltion delay (from the start of valve open to start of chamber

pressure rise) of approximately 7 milliseconds, a response t;me Ifrom start

of valve open to 90% of steady state chamber pressure_! of approximately

60 milliseconds, and shutdown (valve start close to 10% of steady state

chamber pressure) of approximately 200 mill_secondso
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The roughness in chamber pressure is reflected in chambe_pressure

fluctuations of approx_mate!y ± 6% of steady state run level chamber pressure.

The next ser_es of _nject!on tests was conducted w_th a sintered woven wire

sheet (trade name !g_mesh_ produced by Aircraft Porous Media incorporated.

Although this _njector produced less pressure fluctuat;ons in chamber pres-

.. sure, cold bed starts were accompanied by excessve _gn;tlon clelaysi:and

•_'_ excessive chamber pressure spikes° A typ:cal chamber pressure spik_ with a

cold bed start was on the order of 300 pS_ao Although chamber pressure

fluctuations had decreased to ± 3_5% of steady state run level, response

times for both hot bed and cold bed starts we,e _ncreased. Only one con-

: figuration of this i_iector was evaluated and it s felt that with a properly

designed man_fold and an adequate pressure drop across the injector, that

performance could be greatly improved°

. The next ser_es of tests was designed to evaluate electrolytic perfo-

rated plate manufactured by the Pyramid Screen Company. The plate area

was about one-fourth the area of the catalyst bed and was fed 6y a mani-

fold .010 of an inch deep and covering approximately 80% of_the plate

area. Various plates were used during thls evaluaFon and ;ncluded varla-

tions of percent open area, var_aFons of hole diameter, and variations of

plate thickness. Tests were conducted to evaluate two (2) injectlbn systems

consisting of a cap;llary tube, a manifold, and an electrolytlc perforated

.plate. The manifold wh_ch was fed by a cap_l!ary tube was .010_ofan inch

deep and 0.200 of an inch _n d_ametero The first plate to be evaluated

had orifice d;ameters of °0067 ;nches wth a percent open areaof 14.5%.

The second plate had orifice d_ameters of 0051 _nches and an 8% open area.

Typical hot bed performance for the injector plate with the .0067 inch

qrif!ce and the 14_5°/O open area was 80 mill;seconds response from propel-

lant valve start open to 90% of nominal steady state chamber pressure, and

240 milliseconds from propellant valve start closed to 10% of steady state

_: cl_amber pressure, and chamber pressure fluctuaFons of +_2% nominal steady

state nominals. Typ°cal hot bed performance for the _njector plate with the

- 33 -
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.0051 inch orifices and 8% open area was 60 milliseconds response from

valve start open to 90% of nominal steady state chamber pressure, 100 milli-,

seconds response from valve closed to 10% of nominal steady state chamber

pressure, and chamber pressure fluctuations of + 2% of steady state values.

After approximately 10 tests, it was planned to run the reactor continuously

for 6 minutes whlch is equivalent to a 175 Ibf-sec mission. During these

tests it was found that if the reactor was run longer than approximately 60

seconds, chamber pressure fluctuations would increase until chamber pressure

excursions were of a magnitude capable of rupturing the main flange gasket.

Post-test analyses showed that with the manifold being used, propellant

holdup was excesslve with areas of flow stagnation which resulted in local

detonation in the manifold cavity.

The injector plate manifold was redesigned using a reduced propel-

lant manifold of .050 inches in diameter and .01 inches deep. A perforated

plate with a .0051 inch dlameter orifices and a 3 1/2% open area was

evaluated with this redesigned manlfold. Results from this injector were

extremely encouraging Tn that hot bed performance of 60 milliseconds re-

sponse from propellant valve start open to 90% of steady state chamber

pressure, 200 milliseconds from propellant valve start close to 10% of steady

state chamber pressure, and chamber pressure fluctuations of + 1.8% of

nominal steady state values were realized. More significantly, the reduced

manifold volume appeared to have alleviated the problem associated wTth

propellant boiloff or detonation behind the perforated injector plate. The

reactor with the above mentioned injector configuration was successfully

operated under a 50% and 100% duty cycle for an accumulated burn time

of 3 mlnutes.

On the basis of the above described injector evaluation tests, it was

decided to modify the injection system to use an orifice plate. This in-

jection system consisted of a capillary tube feeding a manifold which was

.010 inches deep and .050 inches in d_ameter. Within the manifold, 5

orifices were contained with nominal diameters of .006 inches. During the
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first test with this injector configuration, propellant flowed up around the

conax fitting which was holding the capillary tube, became stagnant, and,

with time, detonated. After the first test with the orifice plate injection

system, the conax fitting was modified so that the capillary tube was brazed

at the outlet of the conax fitting restricting any flow up into the conax

fitting. After modification of the conax fitting, a series of tests was con-

ducted and injector design was finalized. During this last series of tests,

chamber pressure fluctuatlons d_d not exceed +_3.5% of nominal steady state

chamber pressure and there were no random pressure excursions during any of

these tests. Two of these tests were of a duration such that approximately

.75 pounds of propellant was consumed. The .75 pounds of propellant con-

sumption was chosen because the propellant tank bellows assembly in the

end item hardware is capable of expelling approximately .75 pounds of

hydrazine. Average hot bed ignition delays for this last series of tests had

a typical value of 5 milliseconds with response time (from propellant valve

start open to 90% of nominal steady state chamber pressure) of approximately

60 milliseconds, and tailoff (time from nominal steady state chamber pressure

to 10% of nominal steady state chamber pressure) of approximately 100 milli-

seconds. All the tests conducted on the developmental reactor are summarized

in Table III.

4.2 End Item Hardware

4.2.1 Components

All of the components which were used in the end item mono-

propellant hydrazine thruster system were acceptance and prequalifi-

cation tested. The propellant shutoff valves which are a Model AF

77C-B41 coaxial solenoid valve manufactured by the Eckel Valve

Company were acceptance and prequalificatlon tested in accordance

with RRC-TS-0012, Test Specification Acceptance and Qualification

Test Hydrazine Propellant Solenoid Valve.
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?._.ECEOING pAGE BLAN_ NOT FILIgrEe;

Test No.

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

19

2O

21

22

23

24

25

26

27

Duty Cycle
%

100

100

random pulses
II

II

100

random pulses

T

Pulse Width
sec o

30

30

30

2O

30

30

35

30

3O

30

30

30

16

13

8

varied

II

II

9

varied

random pulses varied

Reactor
L* in.

120

120

..... J

.5 Ibf N2H 4

Injector

Capillary tube &
200 mesh screen

Capillary tube &
200 mesh screen

PT psia

282

284

288

292

291

272

272

261

315 +

240

240

241

238

232

232

232

192

190

4O2

400

271

243

193

28O

245

294

292

Pc pslc

63

29

87

87

117

15

87

tll

129

15

15

26

165

161

160

163

139

139

149

155

115

113

91

122

111

105

103

$7





TABLE III

ENGINE TEST DATA SUMMARY

RRC-66-R-72

) Tc- 1 °F

15O3

1394

1503

1617

1613

275

1303

208

285

1275

1061

1415

253

254

252

252

N.O.

N.O.

1426

1591

N.O.

1481

1329

1658

1394

1492

1547

Tc_ 2 °F

1211

1189

1290

1291

1329

273

1547

1433

1481

1010

323

1205

1658

1655

1655

1658

N.O.

N.O.

1547

1636

N.O.

1534

1481

1437

251

N.O.

1437

W

Ibm,/sec

N.A°

c,/¢

ft,/sec

N.A.

Rema[ks

Capillary tube has 0.010 inch I.D.

Reactor shutdown immediately after start.
0.014 inch I.D.

Reactor shutdown immediately after start

Capillary tube has

Capillary tube cloanged to 0.010 inch I.D.
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Test No.

28

29

30

31

32

33

34

35

36

37

38

39

4O

41

42

43

44

45

46

47

48

49

50

51

Duty Cycle
%

random pulses

random pulses

random pulses

100

100

100

100

100

random pulses

random pulses

100

random pulses

I
random pulses

100 and 50

100 and 50

100 and 50

100 and 50

100

100

100

100

Pulse Width
sec,

varied

varied

varied

3O

12

31

3O

3O

varied

varied

15

varied

I
varied

30 and .5

60 and .5

30 and .5

30 and .5

6 minutes

6 minutes

6 minutes

11 minutes

Reactor
L* in.

120

120

120

8O

8O

80

8O

8O

8O

120

8O

8O

120

120

120

8O

8O

120

120

120

8O

8O

8O

80

I n jec tor

Capri lafy tube
200 mesh screen

Capillary tube &
rigimesh

Capillary tube &
200 mesh screen

I
Capillary tube & 200
& 60 mesh screen

Capillary tube & 60
mesh moly screen

II II

Capillary tube - no

PT psia

305

300

299

264

279

279

297

294

267

267

279

279

285

283

283

273

273

282

282

282
screen

Capillary tube - 60 &
200 mesl_ screen

II II

II II

II II

274

275

275

275

Pc psic

145

166

165

123

151

149

152

151

150

146

97

117

41

145

142

139

139

158

158

155

128

115

127

125





TestNo

52

53
54

55
56
57

58

59
60

61
62

63
64
65
66
67

68
69
70
71
72

DutyCycle
%

73

100and50

100and50

100 and 50

100 and 50

100 and 50

lO0 and 50

100 and 50

100 and 50

100and 50

100 and 50

100 and 50

100 and 50

100 and 50

100 and 50

V

100

100

100

100

100

100

100

.--._J

O

and 50

and 50

and 50

and50

and 50

andS0

and50

Pulse Width
sec.

30 and .5

60 and .5

45 and .5

30 and .5

30 and .5

30 and .5

30 and .5

30 and .5

30 and .5

30 and .5

50and .5

30 and .5

30 and .5

20 and .5

D

20 and .5

20 and .5

20and .5

20 and .5

20 and .5

20 and .5

20 and .5

Reactor
L* in.

80

20

12O

V

8O

8O

120

A

120

T/

.5 Ibf N2H 4 EN

Injector

Capillary tube & 60 P
perforated plate

II II

II II

II II

I1 II

Capillary tube & 60 R
perforated plate

Capillary tube & 60 P
perforated plate

II II

Capillary tube & 60 R
perforated plate

I1 11

Capillary tube & 60 P
perforated plate

II II

II II

II 11

I D

Capillary tube & 40
perforated plate

PT psla

279

273

273

261

300

293

282

283

282

333

256

243

264

263

V

261

II II

11 II

Capillary Tube

Capillary Tube

Capillary tube & 50 R
perforated plate

II II

263

262

300

3O0

N.O.

255

Pc psia

123

154

152

130

157

147

138

135

115

139

98

139

145

119

O I

79

NoO,

N.O.

115

113

165

168

I//





TABLE III (Cont'd)

ENGINE TEST DATA SUMMARY

RRC-66-R-72

Tc- 1 °F T OF
c-2

1646

1677

1676

1591

1613

1647

1675

1627

N.O.

1547

1446

1463

N.O.

1547

1636

1669

1669

1657

1580

1636

1703

1699

1658

1658

1405

1455

1454

1448

1459

1503

1482

1483

N.O.

862

928

N.O.

N.O.

N.O.

N.O.

N.O.

N.W.

1483

1503

1459

1372

1426

1459

1476

W

Ibm/'sec

N.A.

.00178

N.A.

N.A.

.0021

.0O29

.00287

N.A.

.0031

.0030

.0027

.00261

.0021

.00213

N.A.

N.A.

C _c

ft,/sec

N.A.

5100

N.A.

N.A.

4050

N.A.

3110

N.A.

326O

3360

3600

3660

4440

3935

N.A.

N.A.

Remarks

Capillary tube changed to 0.011 inch I.D.

Excessive chamber pressure fluctuations.

Excessive chamber pressure fluctuations.

Excessive chamber pressure fluctuations.

Excessive ct_amber pressure fluctuations.

Injector consisted of capillary tube and rigimesh.
accompanied by large chamber pressure spikes.

Chamber leaking around gasket.

Chamber leaking around gasket.

Chamber leaking around gasket.

Starts were

Rough run. Chamber pressure fluctuation 15% P-P w/,large
pressure excursions.

Amplifier gain wrong - no oscillograph record.

P fluctuation 13.5% P-P
C

Pc fluctuation i2.5% P-P

P fluctuation 12- 13% P-P.
c

P fluctuation 13% P-P.
c

Pc fluctuation 15 - 18% P-P. Some pressure escursions.





S,BLE 111(Cont'd)

GINE TEST DATA SUMMARY

RRC-66-R-72

Tc_ 1 °F

1658

1580

1636

1481

1514

1525

1675

1719

1435

1536

1636

N°O.

1500

1480

D

1481

1547

N.O.

1587

1547

1658

1681

Tc_ 2 OF

1547

1415

1396

1394

1411

1415

1411

1404

1349

1378

N.O.

N°O,

1496

1437

V

N.O.

W

Ibm,/se¢

1481

N°O.

1407

1470

! 448

1492

I r

N.A.

O

N.A.

i

N.A.

N.A.

N.A.

I D

N.A.

_b

Remarks

Injector manifold .250 inch diameter and .010 inches deep.

Rough run. Large pressure excursions. Blew main flange gasket.

Chamber pressure fluctuations 5.2% P-P. Roughness increased w_th
pulses.

II II II II II II II n ii

P fluctuations 11% P-P.
C

P fluctuations 3.9% P-P.
C

P fluctuations 4% P-P. Roughness increased with pulsing.c
P fluctuations 5.5% P-P. Roughness increased with pulses.

C

P
C

P fluctuations 2.5% P-P.
C

pressure.

P fluctuations 2.1% P-P.
c

P fluctuations 4.4% P-P.
c

P fluctuations 8% P-P.
C

fluctuations 5% P-P. Extreme roughness with pulsing.

Run looked real good. Low chamber

Good run.

Roughness increased with pulsing.

Roughness increases with pulsing.

Rough run. Low chamber pressure.

Rough run. Chamber pressure decreasing during run.

Large pressure excursions. Ruptured chambers.

P fluctuations 4.5%P-P. Roughness increased during pulsing.
C

Random pressure excursions.

Rough run. Random pressure excursions - increasing with pulsing.

Pc fluctuations 10%P-P. Extremely rough during pulsing. Blew
main flange gasket.

-lIP-
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.5 Ibf N2H 4

Test No.

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89a

89b

Duty Cycle
%

100 and 50

100 and 50

100

100

random pulses

random pulses
100 and 50

100 and 50

100 and 50

random pulses

100 and 50

100 & random
pulses

random pulses

V O I

random pulses

100

varied

Pulse Width
sec.

20 and .5

10 and .5

6O

65

varied

varied

varied

varied

varied

varied

30 and 0.5

30 & varied

varied

D

varied

3O

varied

89c 100

90a 100

90b 50

91 100

92a ! 00

92b 50

93 100

94 50

95 100

32

42

.080

36

29

•500

300

.5OO

30O

Reactor
L* in.

120

120

120

Iniector

Capillary tube & 50
perforated plate

II II

Capillary tube and
perforated plate

Capillary tube & 40
perforated plate

II II

II II

II II

II II

II II

Capillary tube & 40
perforated plate

II II

II l;

V 0 I

Capillary tube and
orifice plate

II II

II II

li II

II II

II II

II II

II II

II II

11 n

II II

II II

R

R

T

D

PT psia Pc psio

258 160

269 172

NC

NC

226 138

225 138

222 100

217 129

245 151

262 165

246 145

23O

225 130

235 130

213 114

213 116 av,

212 115

141 85

141 85 aw

220 118

218 119

218 119 av

208.5 137.

202 135 av

247 155





TABLEIII (Cont'd)
ENGINETESTDATASUMMARY

RRC-66-R-72

Tc-1 OF

1625

1587
DATA

DATA

N.A.

N°A°

V

N.A.

N.Ao

1476

N.O.

N°A°

N.A.

O I

N.A.

N°A°

w

I bm/sec

N.A,

N°A.

D

N.A.

N,A.

C _

ft,/sec

N.A,

N.A.

N°A.

N.A°

Remarks

P fluctuations 3.5% P-P.
C

Rough run. Pc fluctuations mixed with random pressure excursions.

Capillary tube plugged.

Capillary tube plugged.

P fluctuations 4% P-P average - increasing with time.c
P fluctuations 4% P-P average - increasing with time.c
Pc fluctuations 6% P-P. Moderate Pc excursions.

Random pressure excursions.

Smooth start - Pc fluctuations became large after 5 seconds and
during pulse mode operation.

Unsteady P - Large random P excursions.
C C

Good run - Detonation upon shutdown because of poor manifold
design (propellant hold-up).

f/f/
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Acceptance testing of the propellant valve consisted of proof

testing, leak testing, electrical tests, and cycling tests which included

250 cycles with electrical and leak checks every 50 cycles. Prequali-

flcatlon tests which were conducted to determine the adequacy of the

valve design consisted of initially acceptance testing, cycling tests,

and endurance cycling tests. The cycling test included 5,000 cycles

with electrical and leak tests every 1,000 cycles and the endurance

tests included an additional 20,000 cycles with electrical and leak

tests taken every 5,000 cycles.

The remaining components, propellant tank/bellows assembly,

manual valves, pressurization and fill valves, propellant filter, and

propellant feed lines were acceptance tested per RRC-TS-O013, Test

Specification 0.5 lbf N2H 4 Propulsion System, Contract No. NAS 5-

9137. These tests consisted of leak and proof pressure checking.

4.2.2 System Level

Prequalification of the end item monopropellant hydrazine

reactor was accomplished at the system level. The test system included

all items as delivered to Goddard Space Flight Center and consisted of

a propellant tank/bellows assembly, manual shutoff valves, propellant

fill and pressurization valves, propellant feed line, filter, propellant

shutoff valve, and hydrazine reactor. All prequalification tests at the

system level were conducted as the system was intended to be used.

The system as depicted in F_gures 12 and 13 was used in a blowdown

gas pressure mode. Propellant filling and system pressurization was

accomplished in accordance with procedures and test specifications

recommended for lab test use (RRC-OP-O004).

4.2.3 Monopropellant Hydraz_ne Reactor

4.2.3.1 Preguallfication

Prequal_flcafion testing of the hydrazlne reactor

was accomplished per RRC-TS-O013, Test Specification

- 45 -
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L

0.5 Ibf N2H 4 Propulsion System, Contract NAS 5-9137.

Prequallfication testing of the hydrazine reactor consisted of

acceptance testing followed by successful completion of 5

static tests as summarized below.

a. A continuous firing for 5minutes. Initial

pressurization of the tank bellows assembly

was 250 psig.

b. A firing at a duty cycle of 50% for 10 minutes

wlth a pulse width of 500 milliseconds. Initial

pressurization of the tank bellows assembly was

250 psig.

c. A firing with a duty cycle of 20% for 25

minutes with a pulse width of 300 milliseconds.

Initial pressurization of the tank bellows assem-

bly was 250 psig.

d. A continuous firing for 5 minutes. Initial

pressurization of the tank bellows assembly

was 250 psig.

e. A firing w_th a duty cycle of 50% For 10

minutes with a pulse width of 500 milliseconds.

Initial pressurization of the tank bellows assem-,

bly was 250 psig.

Figure 14 shows a typical oscillograph trace from

test (b.) above. This test was a 50% duty cycle with a pulse

width of 500 milliseconds For approximately 600 cycles.

Typical response and tailoff times were 32 milliseconds and

69 milliseconds respectively. Ignition delay was 4 milli-

seconds and chamber pressure fluctuations were + 2.25°/o of

steady state chamber pressure. Figure 15 shows a typical
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oscillograph trace from test (c.) above. This test was a 20%

duty cycle with a pulse width of 300 milliseconds For approxi-

mately 1,000 cycles. Typical response and tailoff times for

this test were 28 milliseconds and 57 milliseconds respectively.

Ignition delay was 43 milliseconds and chamber pressure

fluctuaHons were + 1.94% of steady state chamber pressure.

Figure 16 shows the oscillograph trace From run (e.) above.

This test was _denHcal to (a.) with a 50% duty cycle, a pulse

width of 500 milliseconds For approximately 600 cycles.

Response time and tailoff time was 29 milliseconds and 58

milliseconds respectively. The ignition delay was 4 milli-

seconds and the chamber pressure fluctuations were 3.17% of

steady state chamber pressure. Approximately 1,300 seconds

of accumulated burn time at various duty cycles and pulse

widths was established prlor to pulse number 169 in Figure 16.

Pressure and temperature data taken from the

reactor prequalification test sequence is shown in Figures 17

through 26. Table _V is the test data summary for the

reactor prequalificat_on and acceptance testing.

Figures 16 and 17 are pressure and temperature

data from run number 171-28-02-Q4. This was a continuous

run For approximately 285 seconds. Initial chamber pressure

was 125 psia and final was 95 psia. The chamber skin tempera-

tures were 800°F to 1,000°F and the injector head and propel-

lant valve boss were 500°F and 65°F respectively. At shutdown

the injector head temperature climbed to 700°F before starting

to cool and the propellant valve boss peaked at 76°F and then

started to cool.

Figures 18 and 19 are pressure and temperature

data from run 171-28-02Q5. This was a 50% duty cycle run
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with a pulse width of 500 milliseconds. Approximately 590

cycles were completed before shutdown. As seen in Figure

18 the chamber pressure was decreasing rapidly even though

shutdown was not until 590 cycles. This was due to propel-

lant flow rate rapidly decreasing with each pulse because

the bellows containing the propellant was near its nested

position. The temperature history as seen in Figure 19 is

similar to the previous run 171-28-02-Q4.

Figures 20 and 21 are pressure and temperature

data from run number 171-28-02-Q6. This was a 20% duty

cycle run with a pulse width of 300 milliseconds. Approxi-

mately 905 pulses were completed prior to shutdown. Initial

chamber pressure was 143 psia and final chamber pressure was

70 psia. Temperature at this duty cycle and pulse width were

slightly lower than the previous two runs.

Figures 22 and 23 are pressure and temperature

data from run number 171-28-02-Q7. This was a 100% duty

cycle run with a pulse width of approximately 280 seconds.

Initial chamber pressure was 150 psla and final chamber pres-

sure was 80 psia. The temperature data for this run, as seen

in Figure 23, is similar to runs number 171-28-02-Q4 and

171-28-02-Q 5.

Figures 24 and 25 are pressure and temperature

data from run number 171-28-02-Q8. This was a 50% duty

cycle run with a pulse width of 500 milliseconds. Initial

chamber pressure was 150 psia and final chamber pressure

was 67 psia at shutdown. The temperature data, as seen in

Figure 25, is similar to runs 171-28-02-Q4, 171-28-02-Q5,

and 171-28-02-Q7.
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4.2.3.2 Acceptance

Acceptance testing of the hydrazlne reactor con-

sisted of acceptance testing the injector which included leak

tests, proof tests, and water flow calibration tests, and one

calibrationfiHng. Thecal_bration firing consisted of a60

second steady state test followed immediately with 10 cycles

at a 50% duty cycle and a pulse width of 500 milliseconds.

Figures 27 and 28 show typical oscillograph traces

from the acceptance tests of the two (2) reactors delivered to

Goddard Space Flight Center under this contract. As. seen in

Figure 16, typical response time and tailoff time is 38 milli-

seconds and 80 milliseconds respectively. Ignition delays

are 3 milliseconds and chamber pressure fluctuations are

+_2.1% of nominal steady state chamber pressure. Figure 27

shows response and tailoFf times of 33 milliseconds and i52

milliseconds respectively for reactor S/N 02. Ignition delay

is 3 milliseconds and chamber pressure fluctuations are + .65%

of nominal steady state chamber pressure.

Reactors S/N 01 and S/N 02 met all requirements

of RRC-TS-0013, Test Specification 0.5 Ibf N2H 4 Propulsion

System (GSFC)Contract NAS 5-9137.
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.5 Ibf N2H 4 TEST DATA SL

R_Jn No.

171-28-02-A1

171- 28-02-A2

171-28-02-Q1

171-28-02-Q 2

171-28-02-Q3

171-28-02-Q4

171-28-02-Q5

171-28-02-Q6

171-28-02-Q7

171-28-02-Q8

171-28-03-A1

171-28-03-A2

171-28-01 -A I

171-28-01 -A2

171- 28-04-A 1

171-28-04-A2

171-28-02-A3

Duty
Cycle

%

lOO/5O
lOO/50

100

5O

Pulse
Width
sec.

60/.500

6o/.5oo
300

500

VOID

Phi

psia

273

270

262.5

268.5

100

5O

2O

100

5O

300 262

.500 266

.300 272

300 265

.500 282

_00/50

lOO/SO
1oo/5o

lOO/5O
lOO/SO
_oo/5o
lOO/5O

60/.500

6O/.500

60/.500

60/.500

6O/.500

6O/.500

60/.500

276

231

274

277

275

267

267

Phf

psla

273

270

168

178.5

Pcd i Pcdf
psia psia

158

152

IO0

5O

125 95

138 6O

146 70

150 80

149 67

158.5 158.5

140 140

157.5 157.5

146 146

156 156

154 154

140 140

158

152

145

150

VOID

192

182

176

200

183

274

230

273

275

273

266

264

Ibm/sec

.0024_

.002379

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

00234

00212

.00241

00220

00246

00227

00213

4
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TABLE IV

JMMARY (ACCEPTANCE AND PREQUALIFICATION)

RRC-66-R-72

T-I
oF

64

64

68

68

65

65

43

N.O.

80

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

T-2 T-3
oF OF

309 N.O.

N.O. 1350

251 1404

692 1265

VOID

550 900

500 780

6O0 70O

500 960

640 875

N .A. N .A.

N .A. N .A.

N .A. N .A.

N .A. N .A.

N .A. N .A.

N .A. N .A.

N .A. N .A.

T-4
oF

1105

N.O.

1094

1053

990

910

750

1090

980

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

N.A.

Th
oF

55

55

60

51

5O

49

49

48

48

48

40

41

41

39

39

45

Response
to 90%
milli-

seconds

1684

2060/35

1510

30 Ave.

VOID

3380

33 Ave.

30 Ave.

1467

30 Ave.

1834/35

1508/37

1280/42

1290/38

1512/57

1318/37

2250/33

Tailoff
to 10%
milli-

seconds

77

68/65

57

65 Ave.

91

70 Ave.

60 Ave.

59

59 Ave.

95/87

73/62

70/69

88/80

80/88

70/'70

65/52

Ignition
Delay
milli-

seconds

N.O°

22/4

Pcd
%P-P

5.18

4.4/4.6

126

4

7

4 Ave.

4 Ave.

93

4 Ave.

20/3

17/3

12/3

10/3

• 5/5

70/4

lO/4

4.45

1.5

VOID

4.5

4.5

3.88

4.57

6.25

16.5/5.6

10.6/] .9

lO/5.5
6.1/4.2

lO/5.5
23.5/5.7

.66/.66

Test
c*. Duration

ft/sec, seconds

4090 60

4040 70

N .A. 300

N.A. 600

N .A. 300

N.A. 600

N .A. 1500

N .A. 3OO

I_ .A. 600

4260 7O

4160 70

4110 70

4180 70

4010 70

4240 70

4140 70
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